The transport across the blood-brain barrier of the large neutral amino acid leucine and the nonmetab olised aminocyciopentanecarboxylate (ACPC), of similar molecular size, was studied in the perfused, energy depleted rat brain. It was found that when both leucine and ACPC were perfused for periods of up to 10 min their accumulation in the brain increased in a linear fashion. The ratio of perfusate radioactivity per milliliter and tis sue radioactivity per gram (Rt/Rp) rose to above unity for both leucine and ACPC, indicating continued uptake against a concentration gradient of the radiolabel within the CNS. When the effect of increasing the concentration of the amino acid upon its influx into the brain was stud ied, it was found that under these conditions the kinetics of transport for both leucine and ACPC were of a similar order of magnitude to those reported previously in vivo. Abbreviations used: ACPC, aminocyclopentanecarboxylate; BUI, brain uptake index; DNP, dinitrophenol; LNAA, large neu tral amino acid. 226 maximum rate of transport (V max) , and the constant for the apparently linear, nonsaturable component (Kd) for leucine into the cerebrum were 84.5 ± 29.0 fl-M, 45.5 ± 1.5 nmole/min/g, and 2.62 ± 0.15 fl-Uminlg, respectively, and for ACPC 381 ± 64 fl-M, 54.0 ± 1.5 nmole/minlg and 0.35 ± 0.10 fl-l/min/g, respectively. Comparing this data with previously reported values it is suggested that the transport of leucine into the central nervous system from a perfusate or bolus where no other competing amino acids are present, is flow dependent. Furthermore, ACPC enters the brain almost entirely by a carrier-mediated pro cess, with little or no nonsaturable influx despite a similar oil/water partition coefficient as leucine. Key Words: Aminocyclopentanecarboxylate-Blood-brain barrier Carrier-mediated transport-Energy depletion-Leucine Rat brain perfusion.
The passage of most water-soluble nutrients from the blood to brain extracellular fluid is restricted by the continuous and impermeable nature of the ce rebrovascular endothelium. In order that the cells of the central nervous system receive an adequate supply of a particular polar nutrient, it must first traverse the capillary endothelium that constitutes the blood-brain barrier. This is achieved by the spe cialised carrier transport systems situated on both the luminal and abluminal side of the endothelium, which are capable of producing a net flux into the extracellular fluid that bathes all neurones and glia. A number of different transport processes have been identified at the blood-brain barrier. Some, like the carrier for thiamin (Greenwood et aI., 1982 (Greenwood et aI., , 1986 are specific for one particular nutrient whilst others, like the carrier for the monocarboxylic acids and ketone bodies, transport a variety of chemically related metabolites (Gjedde and Crone, 1975; Cre mer et aI., 1976; Daniel et aI., 1977a,b) . For amino acid transport there appears to be three carrier types at the blood-brain barrier, although only one of them is responsible for large-scale transport. This system, known as the L-or large neutral amino acid (LNAA) system, transports most of the brain es sential amino acids (Oldendorf, 1971) . The apparent paucity of amino acid carrier types at the blood brain barrier is contrary to the situation found at other cell surfaces, where as many as ten different transport processes for amino acids have been iden tified (Sershen and Lajtha, 1979; Christensen 1973) . The L-system, which predominantly transports the large essential amino acids, was first described by Christensen in Ehrlich ascites tumour cells (Chris tensen, 1969) and was shown to be saturable, so dium-independent and equilibrative and as such was termed carrier-facilitated diffusion. Because of the similarities between this system and that found at the blood-brain barrier, it is believed to be the same carrier process at both sites (Smith and Taka sato, 1986) . One striking difference, however, is the higher affinity the carrier has for the amino acids at the blood-brain barrier than at other sites, the af finity constants being much lower and approaching the normal plasma concentration of the amino ac ids.
The affinity of the LNAA leucine for this carrier system at the blood-brain barrier is such that it en ters the brain at a rate greater than that of most other amino acids, the transport process being com prised of both a saturable and nonsaturable compo nent (Oldendorf, 197 1; Yudilevich et aI., 1972; Daniel et aI., 1977a) . In order to characterize the properties of leucine transport at this site, various different but complementary techniques have been used. The established in vivo techniques, the ca rotid bolus (Crone, 1965; Oldendorf, 197 1; Yudilevich and De Rose, 197 1) and steady-state methods (Banos et aI., 197 1; Pratt, 1985) , provide kinetic parameters for leucine transport that are in fairly good agreement with one another. Moreover, the development of techniques for brain capillary endothelial isolation and culture has provided val ues of Km that are also in close agreement with the above in vivo values (Hjelle et aI., 1978; Audus and Borchardt, 1986; Greenwood et aI., 1988; Hughes and Lantos, 1988) . In a recently described in situ perfusion technique, however, the reported value of the affinity constant for leucine transport at the blood-brain barrier is almost an order of magnitude lower than those produced by most other methods (Smith et aI., 1984 (Smith et aI., , 1985 Smith and Takasato, 1986) . Whilst it has been reasonably argued that the lower Km is a consequence of different experimen tal design, there is some dispute as to the cause of these variations .
Despite these minor anomalies in the estimated kinetic parameters, such techniques have provided important data on LNAA transport at the blood brain barrier. The L-transport system, being equil ibrative, is assumed to be independent of metabolic energy, although as a result of the constraints im posed by in vivo techniques direct proof is difficult to demonstrate. The isolated and perfused dog brain (Gilboe et aI., 1975) has gone part way in demon strating the metabolic independence of transport by studying the effects of anoxia upon the transport of amino acids into the brain (Betz et al., 1974 .
More recently using in vitro techniques, which lie outside the constraints imposed by in vivo tech niques, direct evidence has been provided that dem onstrates that the process is indeed independent of energy producing metabolism (Hjelle et aI., 1978; Audus and Borchardt, 1986) .
In the present study the influx of the amino acid leucine, and of another nonmetabolised LNAA of similar size, ACPA (aminocyclopentanecarboxy late) ("cycloleucine") across the blood-brain bar rier were determined in a perfused, energy-depleted brain in which the blood-brain barrier is known to remain intact (Greenwood et aI., 1985 (Greenwood et aI., , 1988 Luth ert et aI., 1987) . Under these conditions, where no mixing with endogenous amino acids can occur, it was hoped to obtain values for the kinetic parame ters of transport that would provide further infor mation about the nature of brain uptake of this amino acid.
MATERIALS AND METHODS

Surgery
Adult male Wi star rats weighing between 350 and 550 g were anaesthetised with pentobarbitone (60 mg kg -I, i.p.). Surgery was carried out as previously described (Greenwood et aI., 1985; Luthert et aI., 1987) . Briefly, the thoracic cavity was quickly opened, the right atrium and the left ventricle were cut and a nylon cannula from the perfusion apparatus was inserted into the ascending aorta. The confluence of sinuses was then breached and the thoracic descending aorta ligated. The apparatus con sisted of two parallel systems which, by way of a three way tap, were connected with the aortic cannula (Luthert et aI., 1987) . The perfusion medium was pumped at a rate of 25 ml min -I by means of a peristaltic pump via a heated water jacket, an in-line filter and bubble trap. The water jacket was kept at a temperature sufficient to main tain the perfused head at approximately 37°C, this tem perature being monitored by a thermister probe within the oesophagus. A side arm on the cannula was connected to a pressure transducer and chart recorder. The pressure did not rise above 60 mm Hg during the course of the perfusion.
Perfusion medium
The pretest saline perfusate contained NaCI (154 mM) , KCI (4 mM) , CaCl2 (2.3 mM) and NaHC03 (2.4 mM) , with the addition of the metabolic inhibitor 2,4dinitrophenol (DNP, 2mM. The test media contained in addition to the above either [I4C]leucine or [14C]ACPC with or without added carrier and unbound Evans blue as a visual marker of barrier integrity. The radiolabeled amino acids were obtained from Amersham International (Aylesbury, Bucks, U.K.) at a specific activity of 12.7 and 2.04 MBq J,Lmol-1 for leucine and ACPC, respec tively. All perfusion media were adjusted at 37°C to a pH of 7.4.
Time course studies
Following cannulation the animal was perfused for 5 min with the pretest medium, during which brain ATP 1. GREENWOOD ET AL. levels are depleted (Greenwood et aI., 1988) . The perfus ate was then switched to one containing either 29 nM [14C]leucine (n = 7),0.1 mM p4C]leucine (n = 7), or 0.21 f.LM P4C]ACPC (n = 7). The test perfusion was then con tinued for a further period of between 1 and 10 min. At the end of the test perfusion, the experiment was terminated with a 20-s ice-cold formol-saline wash of the cerebral vasculature to remove the radiolabel from the circulation. The low temperature and formalin were used to minimise possible backflux of tracer, since the tracer concentration was progressively reduced in the perfusion fluid during the 20-s wash period. Any loss was estimated not to ex ceed the equivalent of 2-3 s of the test period and back flux is likely only from the endothelial cytoplasm. The brains were then removed and frozen in heptane cooled over dry ice.
Effect of increasing the perfusate concentration of leucine and ACPC upon their entry into the brain
Following 5 min of pretest perfusion (as described above) the medium was switched to the test perfusate which contained either [14C]leucine (n = 10) or P4C]_ ACPC (n = 9) with different concentrations of carrier up to a maximum concentration of 20 mM. After 1 min of perfusing with this test medium, the experiment was ter minated by a 20-s ice-cold formol-saline wash after which the brains were removed and frozen as described above.
Tissue preparation
Duplicate samples of frozen cerebrum, cerebellum, and brainstem from each brain were weighed in glass scintil lation vials, solubilised (Optisolve, Pharmacia LKB, Milton Keynes, Bucks, UK), scintillant added (Optiscint T, Pharmacia LKB, Bucks, UK), and radioactivity counted on a liquid scintillation counter (Tricarb Model 4430, Canberra Packard Pangbourne, Berks, UK). Qua druplicate samples of the perfusate were also prepared and counted in a similar manner.
Portions of cerebrum from each animal were also taken and dried to constant weight in an oven at 90°C for water content estimations.
Oil/water partition coefficient
The oil/water partition coefficients of both leucine and ACPC were determined using the technique previously described by Oldendorf (1974) .
RESULTS
Time course of [ 14 C]leucine and [ 14 C] ACPC entry into the brain
The accumulation of radiolabeled leucine in the rat brain against time increased in a linear fashion with no indication of an equilibrium being ap proached (Fig. 1) . The slope and correlation coeffi cients for both the tracer and 0. 1 mM leucine groups for the three brain areas studied are given in Table  1 . The slope of the 29 nM leucine group of animals was considerably less than that of the 0. 1 mM group as a result of self-inhibition occurring in the latter. The accumulation of 0.2 1 j.LM ACPC against time was also linear up to 10 min (Fig. 2) ; the slopes and correlation coefficients for the three areas studied are also given in Table 1 . In all three groups studied, J Cereb Blood Flow Metab, Vol. 9, No, 2, 1989 the ratio of [ 14 C]leucine or [ 14 C]ACPC in the tissue to that in the perfusate (RtIRp) rose considerably above unity over the lO-min perfusion period. These results suggest that there is a continued transport of both of these amino acids against a con centration gradient within the brain, even under the conditions of energy deprivation found in this per fusion preparation.
The kinetics of leucine and ACPC influx
The kinetic parameters for the influx of both leu cine and ACPC in the three brain regions studied were calculated as previously described (Green wood et aI., 1986) . The influx of leucine was found not to increase in direct proportion to the perfusate leucine concentration but showed signs of satura tion (Fig. 3) , a characteristic of carrier-mediated transport. The saturation of influx, however, was incomplete due to a second, non saturable compo nent of flux. Using the method of maximum likeli hood (Bard, 1974) , the leucine data (Fig. 3) were fitted to a modification of the Michaelis-Menton equation that allows for a non saturable component of influx (Greenwood et aI., 1986) . The estimates so obtained for the kinetic parameters of transport are given in Table 2 .
The influx of ACPC was calculated in an identical manner as for leucine. It was found that its influx did not increase in direct proportion to perfusate concentration but showed signs of saturation. Un like leucine influx, the saturation was almost com plete at higher ACPC perfusate concentrations (Fig.  4) . The kinetic parameters for influx were calcu lated for the three brain regions studied and are shown in Table 2 . It should be noted, however, that the values of Km are estimated less accurately than those of the other two parameters, as indicated by higher SEMs, especially for leucine flux. This means that the apparent regional differences for this parameter cannot be regarded as significant.
Brain water content, barrier integrity, and partition coefficients
The water content of the perfused brains from both the leucine and ACPC saturation curve studies was 78.6 ± 0.2% (mean ± SEM, n = 15). There was no evidence in any of the perfused brains of extrav asation of the unbound visual marker Evans blue apart from in those regions known to lack a blood brain barrier. The oil/water partition coefficient for leucine (mean ± SEM, n = 3) and ACPC (mean ± SEM, n = 3) were 0.0020 ± 0.0003 and 0.0024 ± 0.0005, respectively.
DISCUSSION
When the kinetic parameters for leucine transport derived from this technique are compared with pre viously reported values there is generally close agreement ( Table 3) . Efflux of the tracer during these experiments was kept to a minimum by using Smith et al. (1984) in an extended bolus technique and those of Miller et al. (1985) using the carotid bolus or brain uptake index (BUI) method in the awake animal. The two methods that are in least agreement with the others are the steady-state method (Daniel et aI., 1977a) , and the perfused dog brain (Betz et aI., 1975) , which give higher values for the estimated Km due to cross inhibition from other amino acids present in the plasma and perfus ate, respectively. If, however, other circulating amino acids are taken into consideration a "true" Km can be calculated from the steady-state tech nique (Pratt, 1985 , Table 3 ).
The estimated values for the other two kinetic parameters for leucine transport, V max' and Kd also fall between those reported by Miller et al. (1985) using the BUI technique in the conscious animal and Smith et al. (1984 Smith et al. ( , 1985 using the short-term perfusion technique. Vsing the extended bolus or short-term perfusion technique in which a single hemisphere of the rat is perfused with Ringer's solution for 10 to 25 s, Smith et ai. (1984 Smith et ai. ( , 1985 reported a Km for leucine trans port that is considerably lower than any other pre viously reported value (Table 3) . These authors sug gest that the difference between their results and those obtained from the BVI technique (Pardridge and Oldendorf, 1975; Miller et aI., 1985) is due to a number of factors. First, they suggest that there is minimal mixing of their perfusate with plasma amino acids, and second that they overcome any flow-related errors by perfusing at a flow rate of two to three times that found in conscious animals. Both of these conditions, if not fulfilled will artificially raise the value of Km.
The production of an artificially high Km resulting from the mixing of the amino acid in the bolus with those amino acids in the plasma is an obvious prob lem associated with the bolus technique. That this artefact can explain such large differences, how ever, is disputed by the protagonists of this method as they argue that the mixing artefact is comparable for both methods (Miller et aI., 1985) . This view is supported by the present results where no mixing 0.08 can occur as the vasculature is perfused for 5 min with a saline solution prior to the perfusion with the test amino acid. Indeed, under these conditions, the estimated Km for leucine transport is identical to the value reported by Miller et ai. (1985) in conscious animals.
That leucine flux, under certain conditions, is suf ficiently rapid for it to be limited by perfusate flow is suggested by the lower value for Km reported by Smith et ai. (1985) who, using the extended bolus technique, perfused the brain at the higher flow rate of between 3.9 to 7.8 ml/minlg depending on area. At the lower cerebral flow rates of the present work, 1. 14-1.5 mllminlg (Table 4) , the proportion of the tracer extracted will be large, especially at tracer concentrations. For example, the present data show that approximately 39% of the tracer is extracted by the cerebrum at a flow of 1.5 mllminlg. It follows that the mean tracer concentration in the cerebral capillaries will fall well below that in the arterial bed, resulting in a reduced flux. Such a flow limitation will occur most readily at low perfusate leucine concentrations. Calculation of the Km on the assumption that the capillary tracer concentration approximates that in the perfusate will lead to a falsely high estimated value of Km' It is reasonable to assume, therefore, that the differ ences in the estimations of Km obtained by the dif ferent techniques listed in Table 4 can be explained mainly, if not entirely, by the differences in cerebral perfusate flow. In the B VI experiments of Miller et ai. (1985) , the value of Km for leucine transport in conscious animals is lower than that in anaesthe tised animals where the blood flow, and hence the saline test bolus through the vascular bed, is greatly reduced (Table 4) . Indeed, the similarity in the es timated Km for leucine transport between the present study and that of Miller et ai. (1985) in con scious animals may be explained by the similar flow rates used (Table 4 ). However, it is only in the ab sence of any other competing amino acids being present in the perfusates used in these techniques that the influx of leucine across the blood-brain bar- Audus and Borchardt, 1986 All experiments were carried out on rats except where stated otherwise. Values are given as means ± SEM.
rier becomes sufficiently high to be flow dependent.
In the presence of other circulating amino acids, competitive inhibition increases the apparent Km, thus reducing uptake and any flow dependency. In deed, this was demonstrated by Smith et al. (1985) when they compared the uptake of leucine from both saline and plasma perfused brain.
There are inherent problems about treating the blood-brain barrier as a single membrane for there are two transport systems working in series across the endothelial cells. Further difficulties are that flux across the blood-brain barrier may be limited either by blood flow or by uptake into brain cells, according to circumstances. Equilibration across the luminal membrane is likely to be rapid, but equili bration across the abluminal membrane is likely to be considerably slower in view of the complexity of the extracellular space (ECS) and active cellular up take into neurones and glia. In the present work, kinetic parameters have been estimated as if we were considering a single transport system, to facil itate comparison with earlier work. The above res ervations must be borne in mind, however, in inter preting the results, as indeed they must for all sim ilar studies. The comparably wide range of values reported for Km for leucine flux using isolated or cultured capillary preparations in which flow limi tation is absent is not surprising, since what is being measured is uptake into these cells rather than flux through them. The uptake may well vary widely with the state of the isolated cells, the purity of the preparation or the extent of un stirred layers adja cent to cell surfaces.
The kinetic parameters for ACPC transport across the blood-brain barrier are similar to those previously reported (Table 5) , the Km being consid erably larger than for leucine, indicating a lower affinity. The still larger Km for ACPC transport when measured by the steady-state technique is likely to be due to competitive inhibition from other circulating amino acids (Daniel, Moorhouse, and Pratt, unpublished data) . The apparent lack for ACPC flux of the non-saturable component found for leucine (and most other amino acids) suggests that the non-saturable component of leucine influx is unlikely to be due to simple passive diffusion, especially as both leucine and ACPC have similar oil/water partition coefficients. It may represent transport by other carriers for which these amino acids have low affinities. The larger apparent Kd for ACPC transport found by the carotid bolus tech nique (Pardridge, 1983) may be due to a difficulty in assessing V max' the value of which is less than that reported by other methods ( Table 5 ).
The continued accumulation of both leucine and ACPC in the brain over a 10 min perfusion period (Figs. 1 and 2) increases the apparent distribution volume to several times the total brain space. A likely explanation is that competitive inhibition from the LNAAs on the brain side of the barrier reduces considerably tracer efflux, while tracer in flux remains high since other LNAAs are absent from the perfusate. Such an effect may operate in tum at the luminal, abluminal or brain cell surface membranes. Another possibility is that these com pounds are being taken up into brain cells by one or more of the Na-dependent transport systems even though in this preparation the levels of A TP and phosphocreatine drop to below 10 and 1 % of control values respectively after 5 min of perfusion (Green wood et aI., in preparation). The cation gradients, however, are likely to persist long enough to drive the amino acid fluxes against a concentration gra dient to produce the uptake ratios well above unity.
Comparably high ratios have been observed also for uptake into tissue slices of the non-metabolised ACPC (Blasberg and Lajtha, 1965; Lahiri and Lajtha, 1964) . Although amino acid transport into brain slices can be inhibited by a variety of meta bolic poisons (Battistin et aI., 1969; Banay Schwartz et aI., 197 1, 1974) , the influx of leucine in the presence ofO.2nM DNP and an ATP concentra tion of 9% of control values is still 40% of the un inhibited value (Banay-Schwartz et aI., 1974).
Uphill energy-dependent influx into neurones and glia in vivo maintains the concentration gradient that is needed for a net influx to occur by carrier facilitated diffusion across the blood-brain barrier and this effect is likely to persist for a limited period in the saline perfused rat brain despite the inhibition of energy-yielding metabolism.
